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Transcriptional cooperativity: bending over backwards and doing
the flip
Tom K Kerppola
The structures of the NFAT1–Fos–Jun–ARRE2 and
MATa2–MCM1–STE6 transcription regulatory complexes
reveal changes in protein conformation and DNA
bending. Studies of the interaction between Fos–Jun and
NFAT1 in solution corroborate the crystallographic
analysis. These results manifest the flexibility required
for cooperative binding to composite regulatory
elements.
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The regulation of gene expression in eukaryotic cells is
mediated by the synergistic action of multiple transcrip-
tion regulatory proteins that act in concert at promoter
and enhancer elements. The individual performers in this
dance of transcription factors must have the agility to work
together with many different partners and to assume mul-
tiple poses depending on the requirements of the act. The
coordinated function of transcription factors is thought to
involve interactions between proteins that bind to sepa-
rate sites on DNA, which in turn requires bending of the
DNA helix and the appropriate orientation of transcrip-
tion-factor binding to palindromic recognition elements
within the DNA sequence. 
One mechanism of transcriptional synergy is the cooper-
ative binding of transcription factors to adjacent recog-
nition sites at composite regulatory elements. The struc-
tural basis of cooperative DNA binding by two unrelated
transcription regulatory protein complexes has been
recently elucidated by X-ray crystallographic analysis of
the MATα2–MCM1–STE6 and the NFAT1–Fos–Jun–
ARRE2 protein–DNA complexes (Figure 1) [1,2]. These
transcription factor complexes share several features in
common including: first, protein conformational changes;
second, a flexible protein–protein interaction interface;
third, an extended DNA contact interface; and fourth,
DNA bending. These characteristics account for the high
specificity of complex formation at composite regulatory
elements and the flexibility of interactions between mul-
tiple combinations of transcription factors that are neces-
sary for combinatorial gene regulation.
NFAT–Fos–Jun complexes in T-cell signaling and
immunomodulation
Members of the nuclear factor of activated T cells (NFAT)
family transcription factors cooperate with members of the
Fos and Jun families of basic region leucine zipper (bZIP)
proteins to regulate the expression of many cytokine genes
(Figure 2). The cellular localization of NFAT family pro-
teins is regulated by phosphorylation [3]. Upon T-cell
activation, NFAT proteins are dephosphorylated by the
calmodulin-dependent serine/threonine phosphatase cal-
cineurin and translocated into the nucleus. Signaling by the
T-cell receptor and co-stimulatory molecules also stimu-
lates the synthesis and activation of Fos and Jun family pro-
teins. The NFAT and Fos–Jun family proteins then bind
cooperatively to composite regulatory elements in many
cytokine gene promoters. The various cytokine genes are
differentially regulated in different T-cell subtypes. Differ-
ent combinations of NFAT and Fos–Jun family proteins
form complexes that may have distinct DNA-binding speci-
ficities and transcription regulatory functions. Thus, the
cooperative action of NFAT and Fos–Jun family proteins at
cytokine gene promoters mediates both the integration of
signals from different signal transduction networks and
combinatorial regulatory specificity.
Of the four NFAT family members characterized to date,
three (NFAT1, 2 and 4) are expressed primarily in cells of
the immune system. Ablation of the gene encoding
NFAT1 in mice or NFAT2 (NFATc1) in mouse T cells
causes aberrant regulation of cytokine gene expression
[4–6]. Mice lacking NFAT2 in all cells die during embryo-
genesis, indicating that members of this family also have
functions outside the immune system [7,8]. Fos–Jun
family proteins are induced rapidly in many different cell
types in response to a variety of extracellular stimuli [9].
Different Fos–Jun family members may substitute for
each other in the regulation of some cytokine gene pro-
moters [10]. Thus, the cooperative function of NFAT and
Fos–Jun family members provides a rapid, cell-type-
specific response to T-cell activation.
The regulation of transcription by NFAT complexes is of
central importance for modulation of the cellular immune
response. Inhibition of calcineurin by the clinically impor-
tant immunosuppressive drugs cyclosporin A and FK506
blocks the nuclear translocation of NFAT family proteins
and cytokine gene activation [3]. Calcineurin has many
functions outside the immune system, however, and inhibi-
tion of these functions is likely to be responsible for the
severe side effects that limit the clinical use of cyclosporin
A and FK506. The identification of more specific inhibitors
of transcriptional activation by NFAT complexes is there-
fore an important goal in the development of improved
immunosuppressive therapies.
Protein adaptability in the NFAT1–Fos–Jun–ARRE2 complex
The structure of the complex formed by the DNA-
binding region of NFAT1 with the bZIP regions of Fos
and Jun at the ARRE2 (NFAT-280) regulatory element
provides a detailed view of the molecular basis of coopera-
tive DNA binding. The NFAT family is related to the
Rel family of transcription factors [11], and the two
domains of the NFAT1 DNA-binding region have the
same immunoglobulin-superfamily folds as Rel family
proteins. The relative positions of these two domains are
dramatically different in the NFAT1–Fos–Jun–ARRE2
complex and in complexes formed by Rel family proteins.
The N-terminal domain contains a majority of the DNA-
contact residues in both NFAT1 and Rel family proteins.
The C-terminal domain of Rel family proteins mediates
dimerization. In contrast, NFAT family proteins bind to
the ARRE2 site as monomers, and the C-terminal domain
in the NFAT1–Fos–Jun–ARRE2 complex is in a position
where it cannot mediate NFAT1 dimerization. The rela-
tive positions of the N- and C-terminal domains also vary
among Rel family proteins bound to different recognition
sequences [12]. The linker between these domains may
therefore allow them to adopt independent orientations in
different complexes, and this flexibility may facilitate
interactions by both NFAT and Rel family proteins with
other transcription factors.
When considered independently, the peptide-backbone
structures of the basic regions and the leucine zippers of
Fos and Jun are essentially identical in the Fos–Jun–AP-1
and the NFAT1–Fos–Jun–ARRE2 complexes [2,13].
However, in the latter complex the leucine zipper is tilted
by approximately 15° towards NFAT1. This movement is
accommodated by a change in the angle between the basic
region and the leucine zipper of Fos, so that the entire
bZIP region is a straight α helix. In addition, the Jun basic
region is pivoted within the major groove so that it is
nearly perpendicular to the axis of the DNA helix. The
evident structural adaptability of the bZIP domain may
also facilitate interactions between bZIP family proteins
and other transcription factors.
The interface between the DNA-binding region of NFAT1
and the bZIP regions of Fos and Jun extends over the
entire length of the Fos leucine zipper and the N-terminal
end of the Jun leucine zipper (Figure 3). In NFAT1, the
interactions are concentrated within a loop in the N-terminal
domain that is of variable length in different Rel family
members. In addition, amino acid residues in several other
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Figure 1
Comparison of the structures of (a) NFAT1–Fos–Jun–ARRE2 and 
(b) MATα2–MCM1–STE6 transcription regulatory protein complexes.
In (a), the N-terminal domain of NFAT1 is colored light green and the
C-terminal domain dark green; Fos is colored red and Jun blue. In (b),
the two MCM1 monomers are colored light and dark green
respectively; MATα2 is in red. The proteins are represented by
smoothed Cα traces with ribbons for α helices and flat arrows for 
β sheets. The DNA is represented by the bonds connecting heavy
atoms. The DNA helix axis is shown as a white bar and is extended at
each end based on the trajectory of the three last base pairs. The DNA
helix axes were calculated using CURVES and the images were drawn
using MOLSCRIPT and Raster3D.
loops in both the N- and C-terminal domains of NFAT1
are in close proximity to Fos or Jun in the complex. Many
of the contact residues are conserved among members of
the NFAT, Fos and Jun families [2]. Some of these
residues vary among different family members and may
confer preferential interactions among selected members
of these transcription factor families. 
DNA bending
Both NFAT1 and Fos–Jun contact their recognition
sequences at the ARRE2 site in a manner similar to the
binding of Rel and bZIP family members to other recog-
nition sites. NFAT1 binds to a GGAAAA recognition
sequence through contacts within the major groove. These
contacts are mediated primarily by amino acid residues in
a recognition loop that has many residues in common with
Rel family proteins. Contacts with residues in other loops
and the N-terminal ends of two short α helices, however,
are specific for NFAT family proteins and distinguish the
NFAT recognition sequence from recognition sequences
for Rel family proteins.
The recognition sequences for Fos and Jun family pro-
teins at composite regulatory elements generally differ
from the consensus AP-1 sequence (TGACTCA). Never-
theless, Fos and Jun bind to the conserved base pairs
within the TGTTTCA recognition sequence in the
NFAT1–Fos–Jun–ARRE2 complex through contacts that
are similar to those observed in the Fos–Jun–AP-1
complex [2,13]. However, the interaction with NFAT1
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Figure 2
Roles of NFAT and Fos–Jun family proteins in T-cell activation. Some
of the principal signal transduction pathways activated by antigen
presentation and co-stimulatory molecules are shown schematically.
Different NFAT and Fos–Jun family members are activated in different
cells by extracellular stimuli that trigger diverse signaling pathways.
Dotted arrows indicate hypothetical pathways that have not been
characterized. Dashed arrows indicate nuclear translocation. Selected
genes containing composite NFAT–AP1 recognition elements are
shown. A subset of the regulatory elements that control interleukin-2
(IL-2) transcription are indicated. Only a composite NFAT–AP1
recognition element in the IL-4, IL-5 and the granulocyte-macrophage
colony stimulating factor (GM-CSF) promoters is shown. The promoter
regions are not drawn to scale.
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alters the positions of the basic regions of Fos and Jun
within the major groove in the NFAT1–Fos–Jun–ARRE2
complex. Therefore, the structure of the DNA in this
complex must differ from that in the Fos–Jun–AP-1
complex for Fos and Jun to make the same base contacts
in the two complexes.
The NFAT1–Fos–Jun complex presents a contiguous
DNA-contact surface for interaction with the NFAT and
AP-1 recognition sites within the ARRE2 element. This
DNA-contact surface is curved, because the DNA-contact
regions in NFAT1, Jun and Fos are constrained by the
interaction between the proteins. Consequently, the
DNA helix in the NFAT1–Fos–Jun–ARRE2 complex is
bent by approximately 20° towards the leucine zipper.
Intriguingly, the bend is located at the centre of the AP-1
recognition sequence (Figure 1a). A compensatory bend
is observed at the junctions between adjoining oligo-
nucleotides, presumably serving to maintain stacking of
the oligonucleotides in the crystals. It is not possible to
determine, on the basis of the NFAT1–Fos–Jun–ARRE2
crystal structure, whether the DNA bend is caused by the
intrinsic structure of the ARRE2 site, by Fos–Jun binding
to the AP-1 recognition sequence, or by the interaction
between Fos–Jun and NFAT1.
The overall bend in the NFAT1–Fos–Jun–ARRE2 complex
in solution is similar to that observed in the crystal [14].
Fos and Jun have been shown to bend the AP-1 site on
the basis of gel electrophoretic phasing analysis [15,16].
However, the bZIP domains of Fos and Jun bound to an
AP-1 site did not exhibit significant DNA bending in
crystals [13]. The lack of DNA bending in these crystals
has been attributed to packing forces resulting from
stacking of the oligonucleotides in the crystals [17]; in the
NFAT1–Fos–Jun–ARRE2 complex, these packing forces
may be altered by the presence of NFAT1 and by the
change in the alignment of the ends of oligonucleotides
in adjacent unit cells.
Both the bZIP domains of Fos and Jun as well as the
DNA-binding region of NFAT1 bend the ARRE2 site
independent of each other [14]. The bend induced by the
NFAT1–Fos–Jun complex is larger than the sum of the
bends induced by the individual components of the
complex and is directed in a different direction. Thus, the
interaction between NFAT1 and Fos–Jun causes addi-
tional DNA bending at the ARRE2 site. Consequently,
the bend observed in the NFAT1–Fos–Jun–ARRE2
complex reflects the combined effect of DNA bending by
Fos–Jun, bending by NFAT1, bending as a result of the
interaction of Fos–Jun with NFAT1, and the intrinsic
bendability of the ARRE2 sequence.
The DNA contacts of a fragment of the N-terminal
domain of NFAT2 (NFATc1) bound to a 12 base-pair
ARRE2 oligonucleotide, in a complex whose structure
was  determined by NMR, differ from those observed in
the crystal structure of the NFAT1–Fos–Jun–ARRE2
complex [18]. It was therefore suggested that the DNA
contacts of NFAT2 may be altered by interaction with
Fos and Jun [18]. No significant bending of the short
oligonucleotide-binding site was observed in the aver-
aged structure. The fragment of NFAT2 analyzed in these
experiments contains an amino acid substitution at a
critical DNA contact residue and lacks several other
residues that contact the 3′ end of the GGAAAA recogni-
tion sequence. It is therefore unclear whether the differ-
ences in DNA contacts and DNA bending are caused by
the interaction with Fos and Jun, or by the differences
between the DNA contact residues present in the poly-
peptides used in the respective studies.
Asymmetric interactions
In crystals formed by the bZIP domains of Fos and Jun at
an AP-1 site, Fos–Jun heterodimers bound to the AP-1
site in both orientations, suggesting that the heterodimer
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Figure 3
Amino acid residues in Fos and Jun that mediate interactions with
NFAT1. The molecules are drawn in the same colors as in Figure 1a,
but the view is rotated 180°. The residues in Fos and Jun that make
close contacts with NFAT1 in the X-ray crystal structure [2] are drawn
in stick representation. The subset of these residues that determine the
influence of the interaction with NFAT1 on the orientation of Fos–Jun
heterodimer binding and DNA bending [14] are shown in magenta,
whereas residues whose interaction with NFAT1 does not influence
these phenomena are shown in orange. Positions within the loops in
NFAT1 that make close contacts with Fos and Jun are shown in white.
could not distinguish between the two orientations of the
asymmetric AP-1 recognition sequence [13]. In solution,
however, Fos–Jun heterodimers bind to most AP-1 sites in
a preferred orientation [17,19]. Both the central asymmet-
ric base pair as well as sequences flanking the core AP-1
recognition sequence influence the orientation of hetero-
dimer binding. The orientation of Fos and Jun binding
may influence their interactions with other transcription
factors and thereby affect transcriptional activity.
In the presence of NFAT1, Fos–Jun heterodimers also bind
to the ARRE site in a preferred orientation [20]; indeed the
interaction with NFAT1 can reverse the orientation of het-
erodimer binding to this site [14]. There are many contacts
between NFAT1 and Fos–Jun that could account for their
asymmetric interaction [2] (Figure 3). The amino acid
residues in Fos and Jun that control the orientation of het-
erodimer interaction with NFAT1 were identified using
chimeric proteins in which different parts of the bZIP
regions were exchanged between Fos and Jun [14]: three
residues at the N-terminal ends of the leucine zippers of
Fos and Jun are the principal determinants of the asymmet-
ric interaction between Fos–Jun and NFAT1. Although
many additional residues in Fos and Jun contact NFAT1 in
the crystal, these contacts are not essential for the asymmet-
ric interaction, given that they can be exchanged between
Fos and Jun without affecting the orientation of het-
erodimer binding [14]. Several of the residues at the N-ter-
minal ends of the leucine zippers of Fos and Jun contact a
loop in NFAT1 that varies among different Rel family
members. In the NFAT family, this loop is specifically
adapted for interactions with Fos and Jun family proteins,
and provides the energetically most important contacts for
the asymmetric interaction with Fos and Jun.
Future prospects
The many possible interactions between NFAT and
Fos–Jun family members provide the potential for combi-
natorial specificity in the regulation of selected target genes
in different cell types and in response to distinct signals.
The sequences of the NFAT and AP-1 recognition sites, as
well as the spacing between them, vary in different com-
posite NFAT–AP-1 regulatory elements. Whereas some
regulatory elements, such as ARRE2 (NFAT-280), have an
apparently optimal binding site for NFAT1 and a weak
binding site for Fos–Jun, other elements, such as ARRE1
(NFAT-90), have a variant NFAT1 recognition sequence
but a closer match to a consensus AP-1 site. Understanding
the mechanism of combinatorial regulation will require
analysis of the structures and functions of complexes
formed by different NFAT and Fos–Jun family proteins at
different composite regulatory elements.
The regulatory functions of transcription factor com-
plexes within individual promoter and enhancer regions
are frequently interdependent [9,21,22]. The complexes
formed by NFAT and Fos–Jun family members function
in concert with many other transcription factors that bind
to regulatory elements in the same promoter regions. The
mechanisms that mediate such cooperative interactions
between NFAT–Fos–Jun complexes and other transcrip-
tion factors may involve direct contacts between the pro-
teins as well as bending of the promoter region into a
conformation that facilitates transcription factor interac-
tions. Contacts between Fos–Jun and transcription factors
that bind to adjacent regulatory elements are likely to
depend on the orientation of heterodimer binding. Thus,
the fixed orientation of heterodimer binding in association
with NFAT1 may influence Fos–Jun interactions with
other transcription factors within the promoter region. 
Regions outside the DNA-binding domains are required
for transcriptional regulation by complexes of NFAT and
Fos–Jun family proteins. NFAT1, Fos and Jun all contain
transcriptional activation domains that can activate the
transcription of reporter genes containing multiple binding
sites [23,24]. These activation domains may have unique
functions that are required in combination for transcrip-
tional activation by the NFAT1–Fos–Jun complex at natural
promoters; alternatively, different activation domains may
be required for functions at different promoters. NFAT
family proteins can also contribute to the repression of
selected cytokine genes in specific cell types [5]. A more
comprehensive understanding of the wide range of tran-
scriptional activities of NFAT and Fos–Jun family protein
complexes will require studies of the structural organiza-
tion of regions outside the DNA-binding domains of these
proteins and of the network of protein interactions that
control promoter activity.
Pharmacological modulation of the activity of the immune
system is essential for successful organ transplantation and
important for the control of autoimmune diseases, inflam-
mation and allergic responses. The immunosuppressive
drugs cyclosporin A and FK506 have revolutionized trans-
plant surgery, but both have side effects that preclude their
general use for immune modulation. These drugs inhibit
calcineurin, and thereby prevent NFAT activation in
response to antigen presentation. The side effects arise
from the inhibition of other functions of calcineurin, possi-
bly including the regulation of NFAT family members
outside the immune system. Thus, there is great interest in
the identification of inhibitors of this pathway of cytokine
gene activation that act downstream of calcineurin.
The interaction between Fos–Jun and NFAT1 provides an
excellent target for the identification of new lead mol-
ecules for drug development. Inhibition of cooperative
DNA binding by NFAT and Fos–Jun family members is
predicted to block the activation of many cytokine genes.
Furthermore, if the inhibition of cooperative DNA binding
by Fos–Jun and NFAT family proteins does not interfere
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with their independent functions and their interactions
with other transcription factors, it would be predicted to
have fewer side effects than inhibition of all functions of
either of these transcription factor families. The detailed
structural information about the interface between NFAT1
and Fos–Jun [2] and the identification of the residues in
Fos and Jun that are energetically most important for their
interaction [14] provide a sound basis for the design of small
molecules that may interfere with the interaction. Several
assays are available for the screening of such molecules,
including fluorescence resonance energy transfer assays
that can be adapted for high-throughput screening. Thus,
the prospects are good that improved immunosuppressive
agents can be developed based on the structural characteri-
zation of the NFAT1–Fos–Jun–ARRE2 complex.
The X-ray crystal structures of the NFAT1–Fos–Jun–
ARRE2 and the MATα2–MCM1–STE6 complexes have
provided the first high-resolution views of multicom-
ponent transcription-regulatory protein complexes at com-
posite recognition elements. There are several similarities
in the overall features of these complexes, including
changes in both protein and DNA conformations upon
complex assembly. DNA bending by the individual
subunits may facilitate assembly of the higher order
complexes. Structural studies of additional multiprotein
transcription factor complexes are needed to determine
whether these characteristics are a universal consequence
of interactions between transcription factors that bind to
separate recognition sites. A rapidly growing number of
cooperative interactions between transcription factors
have been described; these frequently involve either the
DNA-binding domains or regions adjacent to the DNA-
binding domains in various structural classes of transcrip-
tion factors. Thus, many different structural motifs can
mediate transcription-factor interactions on DNA. Charac-
terization of the structural basis of these interactions will
bring us a step closer to understanding the complex chore-
ography of the dance of transcriptional regulation. 
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